This study was conducted to validate the survival benefit of metastasectomy plus chemotherapy over chemotherapy alone for treatment of Krukenberg tumors from gastric cancer and to identify prognostic factors for survival.
Introduction
Gastric cancer is the second leading cause of cancer-related death worldwide. In Western countries, the incidence of gastric cancer has been decreasing, whereas it remains a main cause of cancer-related death in Korea. Gastric cancer infrequently metastasizes to the ovary, a hormone-related organ. The incidence of ovarian metastasis or Krukenberg tumor after curative resection of gastric cancer is approximately 0.3%-6.7% [1, 2] ; however, some autopsy studies have reported incidence rates ranging from 33% to 41% [1, 2] .
Krukenberg tumor is associated with poor prognosis in gastric cancer [3, 4] . In female patients, one of the most important causes of treatment failure for gastric cancer is an ovarian relapse [5, 6] . Significant advances have been made in understanding the molecular biology of many cancers. However, the underlying mechanism of the intratumor Although systemic chemotherapy is the optimal treatment strategy for recurrent or metastatic gastric cancer, it has not provided significant survival benefits. Therefore, several treatment strategies have been investigated to improve overall survival (OS) in metastatic gastric cancer patients with oligometastases or limited metastasis. Several local treatments including metastasectomy, radiofrequency ablation, and stereotactic body radiation therapy have shown impressive results [7, 8] . Additionally, resection of metastatic lesions has been shown to increase OS in colorectal cancer (CRC) patients with operable liver and lung metastases [9] [10] [11] [12] . Therefore, National Comprehensive Cancer Network guidelines recommend metastasectomy for operable lung and liver lesions in CRC. However, the survival benefit of metastasectomy has not been clearly validated for Krukenberg tumors in gastric cancer. Most Krukenberg tumors are diagnosed metachronously, and only a few patients with Krukenberg tumor are clinically diagnosed synchronously. In most hospitals, patients initially diagnosed with ovarian metastasis in advanced gastric cancer are primarily treated with chemotherapy. However, there is limited clinical data available regarding the survival benefit of ovarian metastasectomy in patients with advanced gastric cancer [13] . Moreover, controversies regarding the best treatment strategy for Krukenberg tumor in gastric cancer have caused confusion among physicians. Therefore, we investigated the survival benefit of ovarian metastasectomy in synchronous or metachronous Krukenberg tumor in gastric cancer.
Materials and Methods

Patients
Of 27,103 patients who were diagnosed with gastric cancer between March 2004 and February 2012 at Yonsei University Medical Center, 9,217 (34%) were women. Among female gastric cancer patients, 216 with Krukenberg tumor detected by abdominal-pelvis computed tomography (CT) or gynecologic ultrasonography were included in this study and reviewed retrospectively (Severance Hospital, n=172; Gangnam Severance Hospital, n=44). Patient information was obtained from outpatient clinical or admission records and information regarding patient survival was obtained from the Korean National Statistics Registry Database. The protocols were approved by the Yonsei University Health System Institutional Review Board.
In general, curative surgery plays an important role in gastric cancer without distant metastasis. Therefore, for data analysis, patients were divided into two groups according to initial gastric cancer stage: stage I-III and stage IV. Patients received surgery or palliative chemotherapy according to the initial disease stage. Patients suspected of having Krukenberg tumor underwent imaging studies to confirm disease resectability. However, 87% of patients (93/107) who underwent oophorectomy had disease that already extended beyond the ovary, in which case oophorectomy was performed for palliative symptom control. The residual disease state of each patient was documented as the presence or absence of gross residual disease, which was classified as negative resection margins (R0), microscopic tumor infiltration (R1), and macroscopic residual tumor (R2). R0 resection was achieved in only 38% (41/107) of patients who underwent oophorectomy.
Overall, 125 patients were initially diagnosed with stage IV gastric cancer and 91 with recurrent Krukenberg tumor after they underwent curative resection of gastric cancer. Among the patients initially diagnosed with stage IV gastric cancer, Krukenberg tumors were detected synchronously and metachronously in 84 patients and 41 patients, respectively.
To compare OS, patients with initial stage IV gastric cancer (n=125) were divided into two arms according to treatment modality. Arm A1 comprised 49 patients who received both chemotherapy and metastasectomy for Krukenberg tumor. Arm B1 comprised 76 patients who received chemotherapy alone. Patients with recurrent Krukenberg tumor (n=91) were assigned to arm A2 or arm B2. Arm A2 comprised 58 patients who received chemotherapy and metastasectomy for recurrent Krukenberg tumor, and arm B2 comprised 33 patients who received chemotherapy alone. In arms A1 and B1, OS was defined as the time from the date of pathologic diagnosis of gastric cancer to the date of death or last followup. In arms A2 and B2, OS was defined as the time from the date of Krukenberg tumor diagnosis by imaging to the date of death or last follow-up.
Statistical analyses
All statistical analyses were performed using IBM SPSS ver. 20.0 (IBM Co., Armonk, NY). For continuous variables, two-tailed Student t tests were used to compare the demographic and clinical characteristics between patient arms. For discrete variables, a chi-square test was used. Survival rates and 95% confidence intervals (CIs) were calculated using the Kaplan-Meier method. The influence of the covariates on survival length between treatment arms was assessed using the log-rank test. A p-value of < 0.05 was considered signif-icant. Significant variables in the univariate analysis were entered into multivariate analysis using the Cox proportional hazards model.
Results
Clinical characteristics
The median follow-up duration for all patients was 30.0 months until the OS data cutoff date (June 30, 2013), at which time 90% of the patients had discontinued treatment. The p-values from chi-square test except for Krukenberg tumor size, and median age at Krukenberg tumor diagnosis, which were determined by a two-tailed Student t test. median age of patients at Krukenberg tumor diagnosis was 43.4 years (range, 21 to 78 years) and the average size of metastatic ovarian tumors was 6.8 cm (range, 1.5 to 24 cm).
The clinical characteristics of patients with initial stage IV gastric cancer (n=125) are listed in Table 1 . Patients were divided into two arms according to treatment modality: arm A, metastasectomy plus chemotherapy; arm B, chemotherapy alone. Comparison of the patients who received chemotherapy plus metastasectomy revealed they had significantly larger Krukenberg tumors (median size, 7.99 cm vs. 5.76 cm; p=0.004), fewer metastases outside the ovaries (85.7% vs. 97.4%; p=0.028), and a more normal range of p-values from chi-square test except for Krukenberg tumor size, median age at Krukenberg tumor diagnosis, and relapse free survival, which were determined by a two-tailed Student t test. serum cancer antigen (CA) 19-9 level (65.3% vs. 39.5%; p=0.009) than patients who received chemotherapy alone.
The clinical characteristics of patients with recurrent Krukenberg tumor of gastric origin (n=91) are listed in Table  2 . Patients who received chemotherapy plus metastasectomy had significantly higher frequency of bilateral tumors (72.4% vs. 48.5%; p=0.022), and a more normal range of serum CA 19-9 level (65.6% vs. 45.5%; p=0.035) than those who received chemotherapy alone.
Treatment outcome
The median OS of patients with initial stage IV gastric cancer was 12.0 months (95% CI, 9.7 to 14.3 months). The median OS of arm A1 and arm B1 was 18.0 months (95% CI, 15.2 to 20.8 months) and 8.0 months (95% CI, 6.6 to 9.4 months), respectively. Therefore, patients in the chemotherapy plus metastasectomy arm had a significantly better OS than patients in the chemotherapy arm (p < 0.001) (Fig. 1) .
The median OS of patients with recurrent Krukenberg tumors was 15.0 months (95% CI, 12.7 to 17.3 months). The median OS time of arm A2 and arm B2 was 19.0 months (95% CI, 14.4 to 23.6 months) and 9.0 months (95% CI, 6.2 to 11.8 months), respectively. Patients in the chemotherapy plus metastasectomy arm had a significantly better OS than patients in the chemotherapy alone arm (p=0.002) (Fig. 2) .
Upon univariate analysis of all patients, metastasectomy, signet-ring cell pathology, presence of peritoneal carcinomatosis, gastrectomy, and elevated serum levels of carcinoembryonic antigen (CEA; > 5 ng/mL), CA 19-9 (> 24 U/mL), and CA-125 (> 35 U/mL) were prognostic factors (Table 3) .
It was difficult to statistically analyze survival differences between patients in whom metastasis was limited to the ovary and those who have metastasis beyond the ovary because only 8% of patients showed metastasis limited to the ovary. Most of these patients were alive at the time of the study. A few patients who showed metastasis to other sites were subjected to additional surgery with oophorectomy, such as total hysterectomy and bowel resection.
As shown in Fig. 3 , the R0 resection group (n=41) had a significantly longer OS (HR, 0.405; 95% CI, 0.254 to 0.646; log-rank p < 0.001) than the R1, R2 resection group (n=66). The median OS was 30.0 months (95% CI, 24.0 to 36.0) in the R0 resection group and 15.0 months (95% CI, 13.6 to 16.4) in the R1, R2 resection group. Oophorectomy was found to still be beneficial when other unresectable metastasis were present, for both metastatic and recurrent disease. Analysis of all cases except single ovarian metastasis revealed that the median OS time of arm A1 and arm B1 was 16.0 months (95% CI, 13.7 to 18.3 months) and 8.0 months (95% CI, 6.6 to 9.4 months; p < 0.001), respectively. Additionally, the median OS time of arm A2 and arm B2 was 16.0 months (95% CI, 12.5 to 19.5 months) and 8.0 months (95% CI, 5.8 to 10.2 months; p=0.039), respectively.
The frequencies and response rates of chemotherapy regi- Patients were divided into two arms according to treatment modality: arm A, metastasectomy plus chemotherapy; arm B, chemotherapy alone, b) RR, response rate (comlete response or partial response patients/total patients), c) Cisplatin+TS-1, cisplatin+capecitabine (XP), cisplatin+5-fluorouracil (5-FU) (FP), oxaliplatin+capecitabine (XELOX), oxaliplatin+5-FU/ leucovorin (LV) (FOLFOX), oxaliplatin+TS-1 (SOX), d) Irinotecan mono, irinotecan+TS-1, irinotecan+5-FU/LV (FOLFIRI), e) Paclitaxel mono, paclitaxel+5-FU/LV, paclitaxel+TS-1, docetaxel mono, docetaxel+5-FU/LV, docetaxel+TS-1, docetaxel+capecitabine. mens initially used after ovarian metastasis diagnosis were also analyzed (Table 4) . Overall, 111 patients were treated with chemotherapy for ovarian metastasis, with platinum (n=43), taxane (n=26), and irinotecan (n=8) chemotherapy regimens being the most frequently used. Chemotherapy regimens did not differ significantly between arms A and B (p=0.535). Patients who received chemotherapy for ovarian metastasis were evaluated using the Response Evaluation Criteria in Solid Tumors ver. 1.1. Tumor assessment included measurable metastatic ovarian lesions and not overall gastric cancer lesions. The response rates for the chemotherapy regimens were as follows: platinum, 26%; irinotecan, 25%; and taxane, 12%.
Discussion
Most patients diagnosed with Krukenberg tumor of gastric origin have poor prognosis. Many studies have shown that the median survival after Krukenberg tumor diagnosis is 7-11 months [13] . In the past, symptomatic patients received palliative operation for symptom relief. Recently, the development of diagnostic tools has increased early detection of Krukenberg tumors and their curative resectability. Nevertheless, the optimal treatment strategy for Krukenberg tumors has not been established.
Our study showed that patients with Krukenberg tumor of gastric origin who underwent both chemotherapy plus metastasectomy had longer OS than those who underwent chemotherapy alone, regardless of stage. The difference in OS was actually underestimated because the OS in arms A2 and B2 was determined from the date of recurrent Krukenberg tumor diagnosis and not the date of the initial gastric cancer diagnosis. Despite the small proportion of R0 resections, a prolonged OS was observed in the chemotherapy plus metastasectomy arm. In our study, one patient in arm A1 survived more than 9 years after the initial diagnosis of gastric cancer, while one patient in arm A2 survived more than 7.5 years after resection of metachronous Krukenberg tumor.
Some studies have reported the survival benefit of metastasectomy for Krukenberg tumor; however, most of these included a small number of patients (approximately 50 patients) and Krukenberg tumors of different origins, including gastric, colon, and breast cancers [14] . Many reports have suggested that metastasectomy provides a better survival benefit for Krukenberg tumors of CRC origin [15] [16] [17] . Among studies of the survival benefit of metastasectomy for Krukenberg tumor, ours is the largest conducted to date and the only one that investigated Krukenberg tumors of gastric cancer origin exclusively. A few studies have demonstrated that metastasectomy of metachronous recurrent Krukenberg tumor of gastric origin provided longer OS [18] [19] [20] . Based on our results, metastasectomy should be performed in stage IV gastric cancer patients diagnosed synchronously or metachronously with Krukenberg tumor. Our recommendation is consistent with those of previous reports [21, 22] .
In the present study, the prognostic factors associated with survival in patients with Krukenberg tumor of gastric origin were analyzed. Metastasectomy, signet-ring cell pathology, and peritoneal carcinomatosis were identified as significant prognostic factors. Several studies have also shown that metastasectomy is a prognostic factor for better OS in patients with Krukenberg tumors [18, 19] . In the present study, absence of peritoneal carcinomatosis was associated with better prognosis, which is consistent with the results of a previous study that showed limited disease extent as a prognostic factor [2] . Complete resection is easily achieved when the extent of disease is limited; therefore, active Krukenberg tumor metastasectomy should be conducted in patients who are not expected to have residual disease after operation. Adenocarcinomas composed of signet ring cells tend to metastasize to the ovaries more frequently than adenocarcinomas of other histologic types [23] . Signet ring cell features have not been well established as a prognostic factor for Krukenberg tumors; however, in the present study, they were a poor prognostic factor for Krukenberg tumors of gastric cancer origin.
Published studies of the role of chemotherapy in the treatment of Krukenberg tumors have included only small patient numbers or case reports. In the present study, response rates to chemotherapy regimens were analyzed in 111 patients diagnosed with Krukenberg tumor, and response rates ranged from 12% to 26%. In most of our cases, Krukenberg tumor was diagnosed during later stages of gastric cancer progression. Therefore, at the time of Krukenberg tumor diagnosis, patients have already received standard first-line chemotherapy for advanced or metastatic gastric cancer.
In our experience, ovarian metastases show less chemotherapy responsiveness than other sites of metastasis. Early detection of ovarian metastases is important to successful treatment. In the present study, serum CEA, CA 19-9, and CA-125 level were not useful predictors of Krukenberg tumor. Despite continual efforts to develop a practical biomarker that can predict relapse or metastasis of ovary metastasis with gastric cancer, no clinical tests have been established [24] .
Clinical heterogeneity is most likely due to the diverse molecular profile of gastric cancer. Thus, identifying diversity in the molecular profile of gastric cancer that governs the clinical behavior of tumors could lead to new and more effective clinical strategies. Recent studies of gastric cancer have identified genes that differ according to histologic factors and age, as well as those useful for gastric cancer prognosis prediction [24] . We will continue to identify genes and develop a practical biomarker in future studies.
It should be noted that several factors may have affected the decision of surgery for treatment of the patients evaluated in the present study, including the extent of metastasis, possibility of curative surgery, surgeon's opinion, etc. Additionally, the difference in the chemotherapy regimen between arm A and arm B may have influenced patient survival or toxicity.
CT was used to identify patients who would benefit from the curative resection of Krukenberg tumors. Although imaging modalities, including CT scanning, have been developed to detect intraperitoneal metastasis, CT has been shown to only have a 50% accuracy for detecting intraperitoneal metastatic cancers [25] . Therefore, peritoneal carcinomatosis is difficult to diagnosis by CT scan. Laparoscopic examination has shown better accuracy in detecting peritoneal carcinomatosis; however, this procedure is invasive and can result in complications.
Conclusion
In conclusion, we demonstrated that metastasectomy was associated with longer survival in patients with Krukenberg tumors in gastric cancer. Therefore, metastasectomy should be performed in stage IV gastric cancer patients diagnosed synchronously or metachronously with Krukenberg tumor. Our data also suggest that metastasectomy plus chemotherapy may play a role in the treatment of Krukenberg tumors of gastric origin. Furthermore, we found that metastasectomy, signet ring cells, and peritoneal carcinomatosis were prognostic factors for Krukenberg tumors. Future prospective randomized trials are needed to confirm our findings and will be important in establishing standard treatment guidelines for patients with Krukenberg tumor in metastatic gastric cancer.
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